We report on the tunable photovoltaic effect of self-doped single-crystal SrTiO 3 (STO), a prototypical perovskite-structured complex oxide, and evaluate its performance in Schottky junction solar cells. The photovaltaic characteristics of vacuumreduced STO single crystals are dictated by a thin surface layer with electrons donated by oxygen vacancies. Under UV illumination, a photovoltage of 1.1 V is observed in the as-received STO single crystal, while the sample reduced at 750
• C presents the highest incident photon to carrier conversion efficiency. Furthermore, in the STO/Pt Schottky junction, a power conversion efficiency of 0.88% was achieved under standard AM 1.5 illumination at room temperature. This work establishes STO as a highmobility photovoltaic semiconductor with potential of integration in self-powered oxide electronics. In a typical bulk solar cell, a build-in field at the p-n or Schottky junction separates the photo excited electron-hole pairs, producing the photovoltage and the photocurrent. 1 Since it was introduced as the prime semiconductor in the 1950s, silicon has been the dominating material for constructing photovoltaic (PV) diodes and modules. 2 On the other hand, transition metal oxides (TMOs) are attractive choices for applications in energy-harvesting devices because most of them are abundant, cheap, and nontoxic. TMOs are also radiation-hard and chemically stable, thus their devices are suitable for being implemented in extreme environments. Besides, TMOs exhibit a wide range of fascinating electrical, magnetic and optical properties, promising for constructing multifunctional devices. Recently, there have been intensive efforts on incorporating ZnO and TiO 2 , in particular their nanostructures, in dye-sensitized and polymer solar cells. [3] [4] [5] [6] [7] [8] All-oxide solar cells were also fabricated based on n-type vertical zinc oxide nanowires and p-type cuprous oxide nanoparticles. 9 In terms of ternary perovskite oxides, ferroelectric PV effects in multiferroic BiFeO 3 (BFO) has drawn lots of attention recently. [10] [11] [12] Although the efficiency of BFO devices is very low, on the level of 0.01%, they exhibit interesting features such as polarization-dependent tunability and above-bandgap photovoltage.
Copyright 2012 Author(s). This article is distributed under a Creative
As silicon is the basis of conventional electronic and photovoltaic applications, strontium titanate (STO) is the workhorse in the emerging technologies based on complex oxides. [13] [14] [15] Besides being a popular substrate for growing other perovskites, 16 STO exhibits rich and interesting physical properties. It is a quantum paraelectric material, but long-range ferroelectricity can be established in strained STO films. 17 Although the undoped STO is a transparent band insulator with a band gap of ∼3.3 eV, electron doping can be achieved by either thermal reduction in vacuum or ion irradiation.
a Author to whom correspondence should be addressed; electronic-mail: tomwu@ntu.edu.sg. These treatments generate high densities of oxygen vacancies, and these oxygen vacancies serve as singly ionized electron donors in STO single crystals; 18 thereby reduced STO shows n-type transport characteristics. In contrast to the extrinsic doping, the self-doping of oxygen vacancies does not introduce any chemical disorder. At relatively low carrier concentrations, STO shows insulator-to-metal transitions and even superconductivity. 19, 20 Because of the large band gap of STO, most of the relevant optical studies have been carried out in the ultraviolet (UV) range. For example, undoped STO has been explored recently as the active material in UV photodetectors. 21, 22 In addition, there have been studies on the UV-range PV effect in heterojunctions based on Nb-doped STO. 23, 24 Very recently, more and more attention has been paid to the physical properties of reduced STO with tailored band structures. In a seminal work, Kan et al. reported blue light emission in Ar-irradiated and oxygen-deficient STO as a result of the formation of defect-related bands within the energy gap. 25, 26 However, in spite of being one of the most prominent TMOs, STO has not been considered as an active material in bulk solar cells which need to operate in a broad range of wavelengths in the visible regime.
Here we systematically investigate the PV effect in STO/Pt Schottky junctions and examine the efficiency of a planar STO-based solar cell. Different reducing temperatures were used to systematically adjust the energy band structure of the STO, and defect-related bands are created within the bandgap. Under UV light illumination, a large photovoltage of ∼1.1 V was observed in the as-received STO single crystals, while the sample reduced at 750
• C presents the highest photocurrent thanks to the high mobility in semiconducting STO. For the self-doped STO devices with interdigitated electrodes, a power conversion efficiency of 0.88% was achieved under standard AM 1.5 solar illumination at room temperature. These results indicate that the STO junctions and their variants are promising for applications in energy-harvesting devices.
Commercial STO single crystals with a nominal (100) orientation purchased from CrysTec (Berlin) with dimension of 5×5×0.5 mm 3 were reduced by thermal annealing in high vacuum (base pressure of ∼10 −6 mbar) at 550, 650, 750, and 850
• C for 30 minutes. The reduced samples are labeled as S55, S65, S75 and S85, respectively. UV-visible absorption spectra were measured on a Varian Cary 5000 spectrophotometer. Pt and Al/Pt electrodes were deposited sequentially through a shadow mask on STO by sputtering (the Pt overlayer on the Al electrode was used to prevent Al oxidation).
Transport measurements under monochromatic UV illumination were conducted using a UV light emitting diode with emission wavelength of 365 nm and power density of 2.6 W/cm 2 . In the incident photon to carrier conversion efficiency (IPCE) measurements, the electrode dimension was 0.5 mm × 0.5 mm, and the distance between the two electrodes 0.5 mm. Measurements were carried out using the standard lock-in technique with a Xe lamp as the light source and a dispersion monochromator. The monochromatic light was modulated by a mechanical chopper at ∼140 Hz and focused onto the samples using a pair of parabolic mirrors. The collected data were normalized by the incident light intensity measured after each run with a calibrated Si photodiode. To simulate sunlight in power conversion efficiency (PCE) measurements we used an AM1.5 solar simulator (Model 16S-002, Solar Light Inc). The intensity of the incident beam is 100 mW/cm 2 as calibrated with a Thorlabs optical power meter before each measurement. To fabricate the solar cell device, interdigitated electrodes with a dimension of 20 μm × 100 μm were patterned on reduced STO substrates using photolithography. Cares were taken to ensure the maximum spatial uniformity of the light beam. A Keithley nano-voltmeter (model 2182A) was used to measure the photovoltage, and a multimeter (model 2635A) for current-voltage measurements.
The as-received STO single crystals are transparent and highly resistive, with resistance exceeding the limit of our measurement setup. By systematically increasing the reducing temperature while keeping the other conditions unchanged, we found that the sample resistance decrease significantly for temperature higher than ∼500
• C. The temperature-dependent sheet resistance data measured on four reduced samples are shown in Fig. 1(a) . For a reducing temperature of 550
• C, the conduction of the STO single crystal remains semiconductor-like with thermally activated transport. However, when the reducing temperature increases to 650
• C, the sample starts showing metal-like behavior with decreased resistance on lowing measuring temperatures. Further increase of the reducing temperature to 750 and 850
• C results in a monotonous increase of conductivity. Using the Hall effect measurements, we determined the temperature-dependent carrier density of the 750
• C reduced sample. At 20 K, its sheet electron density is 1.2 × 10 17 cm -2 , and the carrier mobility can be estimated as 5700 cm
, which is within the reported values measured on reduced STO single crystals. The reducing treatment is thus highly effective in tuning the electronic properties of STO; it is remarkable that the resistance can be modulated by more than seven orders of magnitude at room temperature and twelve orders of magnitude at 20 K.
It is noteworthy that the distribution of oxygen vacancies and the conduction in reduced bulk STO single crystals are quite inhomogeneous due to the small diffusion coefficient of oxygen ions in STO. This has been noted in a few previous studies on reduced STO single crystals. [27] [28] [29] If we assume a diffusion constant D of about 10 −9 cm 2 /s at the annealing temperature and the annealing time t of 30 minutes, the diffusion length l = √ D · t of oxygen ions can be calculated to be about 13.4 μm, which can then be taken as the thickness of the oxygen-vacancy-rich surface layer. It is noteworthy that a higher annealing temperature corresponds to a larger diffusion constant, leading to a thicker reduced layer containing a higher number of oxygen vacancies. While these oxygen vacancies serve as electron donors in the reduced surface layer, the bulk single crystal underneath remains undoped and highly insulating. Although prolonging the reduction time may increase thickness and improve homogeneity of the self-doped layer, the self-healing effect during long reducing processes can substantially decrease the density of initially introduced vacancy defects and even destroy the metallic state; 29 thus, we fixed the annealing time in our experiments at 30 minutes. For proper interpretation of the data, it is important to keep in mind that for all the annealing conditions used in this work, the highly reduced conducting surface layer is much thinner than the bulk single crystal which has a thickness of 0.5 mm.
The optical images of the STO single crystals reduced at different temperatures are shown in the inset of Fig. 1(a) . The introduction of oxygen vacancies turns STO from a transparent insulator into opaque semiconductors/metals, and the color progressively deepens as the reducing temperature increases. Both the insulator-to-metal transition and the change of optical properties can be attributed to the emergence of a metallic defect-related subband structure in the reduced STO surface layers. This result is consistent with the results of previous photoluminescence studies on reduced STO single crystals. 25, 26 Fig . 1(b) shows the room temperature current-voltage characteristics of the reduced STO single crystals in the dark (dashed curves) and under UV illumination (solid curves). The schematic of the electrode configuration used for these measurements is illustrated in the inset, where Pt and Al were selected as the electrode materials. Because of the wide usage of STO and the ubiquitous presence of metal electrodes, the physical properties of metal/STO heterojunctions have been well explored. [30] [31] [32] [33] In general, without the significant pinning of Fermi level, the barrier height at the interface is related to the work function of the metal used. In our heterojunctions, the Al/STO interface shows an ohmic behavior, whereas Pt is expected to form a Schottky junction with STO as it has one of the highest work functions among all metal. In the measurements the positive bias is defined as the current flowing from the Pt electrode into the STO single crystals, and it is also the forward bias direction. At room temperature and in the dark, the current-voltage curves of these Schottky junctions show good rectifying characteristics. The room temperature rectification ratios at 3 V are 2.3×10 4 , 1.1×10 6 , 5.1×10 2 and 12.6 for the S55, S65, S75 and S85 samples, respectively. Overall, the rectification ratio is highest for the sample reduced at 650
• C, and it decreases for higher reducing temperatures.
The current-voltage curves of the samples were also measured under UV illumination with photon energy (λ = 365 nm, E ph ∼ 3.4 eV) slightly above the STO band gap (∼3.3 eV). Given the absorption coefficient (α) of STO in this spectral range, 34 full absorption is expected since the penetration depth which is approximately given by 1/α ∼7 μm is much smaller than the thickness of the STO substrate (0.5 mm). The UV light irradiation significantly increases the junction current; as a result, the room temperature rectification ratios at 3 V decrease to 0.7, 118.7, 201.1 and 12.5 for the S55, S65, S75 and S85 samples, respectively. The effect of light illumination is negligible in S85 because in this highly reduced sample the concentration of intrinsic carriers is already very high and the photo-excited carriers do not cause a significant effect. In general, the photocurrent appears to be higher in the reduced samples, but the photovoltage is smaller compared to the as-received single crystal.
V OC and the short-circuit current density (J SC ) of the as-received and the reduced STO singlecrystal samples as a function of the measuring temperatures are summarized in Fig. 2 (e) and 2(f), respectively. The highest V OC of about 1.1 V occurs in the as-received STO single crystal at 60 K, while S55 presents the highest photovoltage at room temperature of about 0.37 V. For S85, the photovoltage remains very low in the whole temperature range. On the other hand, J SC exhibits a maximum value of about 7×10 −2 mA/cm 2 at 100 K in S75, and remains roughly constant up to room temperature. In general, J SC of the samples increases as the measurement temperature decreases from room temperature, which is a result of the enhanced mobility at low temperatures in oxygen-reduced STO. 27 On cooling down, J SC diminishes at the low temperatures, i.e., below ∼100 K, due to the weakened thermal activation of carriers. Fig. 3(a) shows the IPCE (i.e. the number of charge carriers collected per incident photon) spectra for the reduced samples and the as-received STO single crystal. In the as-received STO, the photoresponsivity is very low in the visible range, but it increases significantly for wavelengths smaller than ∼400 nm. The maximum IPCE occurs at 360 nm, which almost coincides with the band gap energy of STO, suggesting that the main photo-excitation mechanism is associated with the interband transitions. Compared to the as-received STO single crystals, the reducing treatment significantly increases the photoresponsivity in both the UV and the visible spectral ranges. The sample S75 which is reduced at 750
• C exhibits the highest IPCE, and the improvement throughout the wavelength range is more than three orders of magnitude. The increase of photoresponsivity must be related to the conducting surface layer upon annealing because the optical property of the undoped portion of the STO single crystal remains the same. The overall IPCE spectra are still dominated by the UV response because the undoped portion of the single-crystal substrate is much thicker than the doped surface layer. On the other hand, the highly conducting surface layer serves as an effective channel with high mobility for the flow of photocurrent; as a result, even the UV responsivity is improved in the reduced samples.
In order to investigate the application of the Pt/STO/Al Schottky junctions in solar cells, we examined the UV-visible absorption of the various STO samples. As shown in Fig. 3(b) , sharp absorption edges are located at ∼385 nm, corresponding to the band gap of STO. This is in agreement with the data in Fig. 3(a) and similarly can be attributed to the dominating absorption of the undoped bulk. On the other hand, thanks to the reduced surface layer, the reducing treatments significantly enhance light absorption in the visible region below the band gap. The absorbance at 550 nm monotonously increases with the reducing temperature, as shown in the inset of Fig. 3(b) . This is also consistent with the darker hue observed in STO single crystals reduced at higher temperatures (shown in the inset of Fig. 1(a) ).
In order to understand the photoconductive properties of the Pt/STO devices, we calculated the energy band alignment at the metal-semiconductor junction by solving the Poisson's equation and the Boltzmann equation self-consistently. 35, 36 The schematic of the energy band of the junction is illustrated in Fig. 4(a) . When STO is brought in contact with Pt, charge transfer between the large metal Fermi surface of Pt and the various valley points of the STO conduction band restores the electrostatic equilibrium and induces alignment of the Fermi levels. During this process, a space charge region accompanied by a built-in field is formed at the junction interface. The work function of Pt is about 5.5 eV, and the electron affinity of STO is assumed to be about 4.2 eV. 37 The Fermi level of STO can be calculated using the formula:
where E c is the energy of the conduction band edge, T is the temperature which was taken as 300 K in our calculation, k 0 is the Boltzmann constant, N d is the ionized donor density, and N c is the effective density of states in the conduction band. If we assume a typical donor density of 10 19 cm −3 , the resulting Fermi level is 0.07 eV below the conduction band edge. The thickness of the depletion layer denotedas X d in Fig. 4(a) is calculated to be ∼80 nm by solving Poisson and Boltzmann equations self-consistently. 35, 36 Upon irradiation, electron-hole pairs are generated and separated by the build-in field in the depletion layer, generating the photocurrent. An additional advantage of using STO single crystals in PV devices is the high dielectric constant (ε r ∼ 300 at room temperature, and it can reach 10 4 at low temperatures). 38 Such a high dielectric constant not only facilitates the formation of the depletion layer and the photogeneration of electron-hole pairs, but also reduces carrier scattering by screening charged defects, overall enhancing the PV efficiency.
The correlation between the electronic properties of the Pt/STO/Al junctions and the PV effect can be understood using the equivalent circuit in Fig. 4(b) . An equivalent DC current source provides the photocurrent and is connected in parallel with a Schottky diode and a shunt resistance (R J ). The R J takes into account the loss of carriers via various leakage pathways. Another key component of the circuit is a series resistor (R STO ) which accounts for the bulk resistance of the STO single crystal, the contact resistance between STO and the Al electrode, and the parasitic resistance associated with the interconnections. The as-received STO single crystal is a prototypical insulator, and the large R STO leads to the very small photocurrent observed at room temperature ( Fig. 2(d) ). On the other hand, the highly reduced STO sample, in particular S85, is very leaky, and the very small R J leads to negligible photovoltage. Thus, it is of paramount importance to optimize both resistive components to achieve the optimal performance.
To the best of our knowledge, although STO is a prototypical perovskite oxide, there has been no report on evaluating the performance of STO-based solar cells under the illumination of visible light. In our experiments to incorporate self-doped STO single crystals in solar cells, we used the sample S75 to construct solar cell devices because it exhibits the highest IPCE. general expression of V OC :
where n is the ideality factor, k is the Boltzmann constant, T is the temperature, q is the elemental electron charge, J SC is the short-circuit current density, and J 0 is the saturation current density.
Eq. (2) shows the importance of reducing J 0 and increasing J SC by reducing any undesired carrier recombination to increase the open circuit voltage. Alternatively, other strategies such as imposing virtual contacts could also be implemented to induce photovoltage multiplication. 39 Remarkably, the short-circuit current of the device is of the order of 10 mA. If we only consider the active area delimited by the interdigitated electrodes, i.e. 100 μm × 300 μm, this corresponds to a current per illuminated area of ∼35 mA/cm 2 . This value is consistent with the short circuit-current density that can be calculated from the IPCE spectra using the formula:
where G(λ) is the standard AM1.5 solar photon flux at wavelength λ. However, due to the particular surface configuration employed in this device, the photocurrent per illuminated area does not correspond to the photocurrent density of conventional thin-film solar cells in the sandwich-type configuration.
The key performance metric of a solar cell is the power conversion efficiency (PCE), which is defined as:
where I M and V M describe the bias point where the photo-generated power reaches the maximum, P in is the power density of the incident light and FF is the fill factor. The PCE of the STO-based junction in Fig. 5 is about 0.88%, and its FF is 0.25. These values are much higher than those obtained so far in junctions based on similar perovskite oxides, such as BFO. [10] [11] [12] Further improvement of the power conversion efficiency could be achieved by increasing the optical absorption in the visible range, for instance by making use nanoscale surface engineering for light trapping [40] [41] [42] or other strategies like plasmonics enhancement. 43 In summary, the PV performance of Schottky heterojunctions based on self-doped STO single crystals was systematically investigated. Reduction of the STO crystals by thermal annealing can be effectively used to tailor the electronic structure of pristine insulating STO by introducing oxygen vacancies within a self-doped surface layer. This simple approach can effectively extend the optical absorption of STO into the visible spectral range and improves the charge transport properties. The STO/Pt heterojunctions exhibit rectifying behaviors which can be readily tuned by the reducing temperature and by the light illumination. A V OC of about 1.1 V was observed under UV illumination in the as-received STO single crystal, whereas the oxygen-reduced samples exhibit tunable optical absorption and higher IPCE. Furthermore, a power conversion efficiency of 0.88% was obtained under standard solar illumination in the STO single crystal reduced at 750
• C. We believe that a higher efficiency may be achieved in STO-based solar cells by adopting different device structures, for example using the sandwich geometry to suppress the series resistance. Complementary to the existing works in literature, our results underline STO as a versatile perovskite TMO, and this work provides an example of its potential in energy conversion applications. Hopefully the data presented herein will stimulate intensive future endeavors to cultivate the viability of functional perovskite oxides as active materials for energy-harvesting technologies.
